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SECTION I: PLASMA THEORY AND SIMULATION

A. ELECTRON BERNSTEIN WAVE INVESTIGATIONS

Wn. S. Lawson and J. P. Lynov (visitor, Riso, Denmark)

A modification of the code PDWl is being used to investigate the properties
of oblique Bernstien waves at finitesimal amplitudes. So far, the code has been
shown to work, and reproduce Bernstein waves with the correct damping rate
(for oblique angles). A significant wave number shift has been noted, however.
for relatively small excitations.

The numerical experiment is modeled on the Double Plasma experiment of
Armstrong, Rasmussen, Stenzel, and Trulsen [I]. The exciter is composed of
three grids, the outer two being tied together, and being voltage driven with
respect to the center grid. This experimental model may be responsible for
some peculiar effects observed at low amplitudes, such as the apparent
reflection of the driven wave.

Other effects observed, but not explained are the apparent excitation of
waves at higher frequencies than the driving frequency, and reduced damping
at high amplitude. Work is continuing in an attempt to explain these results.

An ongoing problem is the relatively high noise level of the simulations.
This noise seems to be associated with the high dimensionality of the simulation
(1-D, 3-V), and has dictated large numbers of particles and time averaging.
[1] Armstrong et. al., Physics Letters 85A(1981)21-284.

.
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B. SIMULATION OF THE PLASMA-SHEATH REGION
INCLUDING ION REFLECTION

Lou Ann Schwager (Prof. C. K. Birdsall, Dr. I. Roth)

A low temperature plasma interacts with a collector plate primarily through charged particle reflec-

tionemission, or absorption. These phenomena will affect the electric potential profile and hence the trans-

port to the plate. Present simulation studies indicate that a reflected ion current increases the plasma

potential above that simulated with a purely absorbing plate.

The computer code PDW1 models this behavior. The setup of this simulation is identical to that

described in the previous report (QPR IIIIV 1983). This earlier study modelled plasma flowing into a purely

absorbing plate. The current work differs from the previous only in the inclusion of ion reflection at the

plate. The system is shown in Figure 1. As in the earlier run, ions and electrons returning to the source are

thermalized and re-injected with the initial flux. We have chosen a mass ratio of 40 to conserve computation

time and an ion reflection coefficient of 70%. This coefficient represents those parameters which are typical

of the plasma region at the collector plate in the end cell of a tandem mirror reactor (and possibly in the

poloidal divertor of a tokamak).

For a hydrogen plasma with temperatures of 30-100 eV incident on a plate of molybdenum, the atomic

data in Table I pertains.

Table 1. Atomic Data for 30-100 eV H on Mo

Mechanism Interaction
Coefficient

Reflected Ion " .6-.8
per Ion

Secondary Electron .4-.8 2
per Electron

Reflected Electron .05-.10 2
per Electron

Secondary Electron 02
per Ion

Sputtered Mo atom 2x1O_ -
per Ion (1 keV)

It was later discovered that only a small fraction of the reflected particles are ionized. This will be accounted
for in later reports.

5--



Obviously the plate does not behave as a purely absorbing boundary. We model ion reflection here

because it dominates the other mechanisms. In future work we intend to include others from Table 1.

Unfortunately, little information is available on the reflection of low energy light ions. Oen and Robinson'

used the simulation program MARLOWE to derive universal curves for the reflection coefficients of various

light ions independent of target material. They plot the reflection coefficient as a function of the Thomas-

Fermi reduced energy, e. The formula they use is

0.03EM 3
zZ(m + M)(z 2/3 + Z2/3)1/2

where m and M are the projectile and target atomic weights, z and Z are the projectile and target atomic

numbers, and ., is the projectile energy in eV. Hence, for energies of 30-100 eV, protons hitting a Mo target

have e ranging from 0.02 to 0.006. With this range for e, Figure 6 of Reference 2 specifies that the ion

reflection coefficient lies between 60% and 80%.

Electric potential histories at z = L/2 for reflection coefficients of 0% and 70% are shown in Figures 2A

and 2B. Electrons reaching the wall before ions cause the early potential rise in both cases. The interaction of

the opposing ion flows prior to equilibration, seen in Figure 3A, generates the perturbed potential profile in

Figure 3B. This appears as a mild transient in the potential in Figure 2B. After equilibration, the opposing

ion flows lead to the mildly perturbed potentials, as shown in Figure 4A. This results in the nearly flat

potential profile of Figure 4B. Note also in Figure 3B that the 70% case generates a steeper potential profile

in the sheath region (where E,,,I = -19) than that for the 0% case in Figure 4C (where E.-i = -5.8).

The steep potential rise away from the wall repels low energy reflected ions at z = 0. The ion excess in the

sheath then generates an even stronger electric field.

Our next steps are to include the study of a reflected flux, which depends on the incident flux and

energy, and of the effects of secondary electron emission.

References
1. O.S.Oen and M.T.Robinson, "Computer Studies of the Reflection of Light Ions from Solids", Nuclear

Instruments and Methods 132, pp.647-653 (1976).
2. C.F.Barnett et al, "Atomic Data for Controlled Fusion Research", Oak Ridge National Laboratory.

Oak Ridge, Tennessee, ORNL-5207, pp.D.1.8-D.5.13 (1977).
3. T.J.Dolan, Fusion Research, Vol III, Pergamon Press, New York, 1980, p.6 97 .
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I.

= zp(-, 2 ) H(v,,(x))

f+ a V2V
S.=; ezp(--) H(F

where p = mn/M, (and we have normalized to the density of the source

electrons, 2n.).

The two parameters a and n, (the normalized cold plate bias) define

the parameter space for the single-ended Q-machine, shown in Figure 1.

We are going to consider only the single maximum potential profile, which

occurs in the upper left region of parameter space, negative bias with ion

rich emission(Le. a > I). Figure 2 shows the assumed potential profile

for the analysis. We now model the distribution functions as functions of

potential. For the electrons, for q7 > o (x < x2) we have

l (, ,,,1W) =, (_(V2-,,€,X))) • -€V.- (/ )

fe-(,,., (,x)) = e(c,,-,€) • (,., + ,/t7' X) • Hc,.- V/.,i) - q.,)

where we have denoted the positive and negative part of the distribution

function by + and - respectively. The low velocity cutoff for f+ is due to

the fact that the electrons are initially accelerated by the potential bump as

they enter the system from the left. The same is true of the term in f. for

the returning, reflected electrons (i.e. in the potential bump the minimum

energy a particle should have is 1/2mV2 = e (z)). This leads to a 'hole' in

electron phase space, which can be seen in Figure 2 where we have drawn

-20-



distribution characterized by the temperature of the hot plate. The elec-

trons follow the Richardson-Dushman equation for thermionic emission,

this leads to equal electron and ion temperatures (T = T. = Tit t). We

then model the distribution for each species at the source by,

f;()= 2nte,¢°2 v
Vt. V'7-rt.

where vt. = (2kT/m.) 1/ 2, and ic is Boltzmann's constant, and a denotes the

species (i.e.. = e,i), and H(v) is the Heaviside step function. For conve-

nience we now introduce the following normalization,

=Z (length)

V = - (velocity)
Vte

e=(z) (potential)

where AD. = (#cT/4rn..e 2)1 /2 is the Debye length associated with the elec-

tron density of the source, and define the neutralization parameter 'a' as,

n+
- go

the ratio of the ion to the electron density leaving the source.

We may now write the distribution functions for the source ions and

electrons in normalized form as

-19-



E. Corrections to Time Independent Q-Machine Equilibria

Perry C. Gray and Thomas L. Crystal

The 'quiet' plasma machine, or Q-machine, has been used extensively in

experiments for examination of basic plasma phenomena.' Time indepen-

dent equilibria for the single-ended coUisionless Q-machine have been stud-

ied analytically by a number of authors, notably MacIntyre,2 and Kuhn. 3

The basic analytic approach is to assume a steady state potential profile,

monotonic increasing/decreasing or single extremum, assume distribution

functions for the plasma source, usually half-Maxwellan, then model the

distribution functions as functions of the potential. It is then possible, by

integration of Poisson's equation, to define a 'pseudo-potential' and obtain

equations that allow one to solve for such quantities as the plasma poten-

tial, the potential extremum, and the floating potential for the collector

(one also gets values for plasma density). For a review of the technique the

reader is directed to Tidman and Kral•

In this paper we restrict our attention to the negative biased, single

maximum potential profile, since the simulation 5of this case yielded results

at odds with theory. We will describe the analysis for fixed bias, although

floating bias is easily handled with minor modification.

The one dimensional model for the single-ended Q-machine is as follows.

The source for the plasma is a hot plate, which we will take to be on the left,

and distance is measured positive towards the right, and at x = L. is a cold

collector plate; both are absorbing. The ions are generated from neutral

gas according to the Langmuir-Saha law, and hence have a half-Maxwellian

-18-
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During Phase 2, IJ(t)( decreases on the average but shows

some very pronounced oscillations.

Phase 3 (e24t de3; "electron trapping phase"). This phase

is characterized by the formation of a trapped electron popu-

lation near HP (Figs. 6 and 7), which leads to a small negative

potential dip at the low-potential edge af the moving double

layer already observed in Fig. 5. This event is also indicated

by a little dip in IJtt).

Phase 4 (e3& t 4b; "trapped-electron phase"). Throughout this

phase, the trapped electron population (which surrounds an ec-

centrically rotating electron hole) persists and remains local-

ized in the region U0 x/.o.3 (Figs. 8 and 9). Adjacent to its

right we observe a region of fairly uniform and roughly half-

Maxwellian electrons ("plasma region"), and a region of signi-

ficant electron acceleration to the right ("CP sheath region").

During all of Phase 4, the plasma region spreads to the right,

while the CP sheath recedes.

The potential profile always exhibits a relative maximum

near HP and remains fairly flat in the plasma region, the po-

tential minimum being negative over most of Phase 4 but going

positive at tt i4 . By that time , all of the old ions have ex-

ited the diode to the left, at a speed about ten times their

thermal injection velocity.

At t = b, the cycle starts all over again.

ACKNOWLEDGMENTS. This work was supported by DOE Contract
DE-AT03-76ET53064, ONR Contract N00014-77-C-0578, and Austrian
Research Funds Contracts S-18/03 and P5178. The computations
were performed at NMFECC, Livermore.

2N. Rynn, Phys. Fluids 5, 643 (1962) and 9, 165'(1966).N. Sato et al., Phys. Fluids 19, 70 (1976).
3R. Schrittwieser, Phys. Lett. 65A, 235 (1978).
4p. Michelsen et al., Plasma Phys. 21, 61 (1979).
5S. lizuka et al., Phys. Rev. Lett. 48, 145 (1982).
6R. Schrittwieser, Phys. Lett. 95A, 162 (1983).
7p. Burger, J. Appl. Phys. 36, 198 (1965).
8W. Ott, Z. Naturforschg. 22-a, 1057 (1967).
9S. Kuhn, Plasma Phys. 23, 881 (1981).
10S. Kuhn et al., Proc. T-984 ICPP, Lausanne, p. 104 (1984).
110 Machine Simulation Film (16 mm), produced by Plasma Theory
and Simulation Group, E.R.L., U.C. Berkeley, CA 94720 (1984).

12Wm. S. Lawson, PDW1 User's Manual, Memorandum UCB/ERL M84/37,
E.R.L., U.C. serkeley, CA 94720 (1984).
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CP), the initial monolayer near HtP (Fig. 4) turns into a dou-

ble layer (as indicated by an inflection point in the potential

profile, Fig. 5) that starts moving to the right, leaving in

its wake a region of low potential.
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near future.

0I Close inspection of
the simulation data

has led us to tentative-
-i -' ly subdivide the full

cycle into four phases,

" I ireferred to as Phases 1

4 4 through 4 and described
-2 COVO - I Ibelow. Each of these

i I Iphases exhibits a char-
1" - 11_ 2acteristic behavior of

electron phase space and

also becomes manifest in

tthe external current

history. In Fig. 1, times
a, eI, e2 , e3 , and b correspond to characteristic events in

electron phase space, while times il through i4 correspond to
characteristic events in ion phase space. The horizontal line

marked Jes indicates the electron saturation current, i.e., the
- largest time-averaged current that could possibly be drawn

through the diode. For the present run, Jes = -127.7.

In what follows, each phase is briefly described and illus-

trated by two sets of simulation snapshots - one taken at the
beginning and the other taken toward the end of the phase in

question. Each set contains a potential plot, an electron
phase-space plot, and an ion phase-space plot.

Phase 1 (aA t 4e,; "electron vortex phase"). Conditions

right before the onset of Phase 1 are almost identical with
those prevailing at the end of Phase 4 (Fig. 9). By definition,
Phase 1 commences as the trapped electron population near the

hot plate suddenly separates from the "beam" electrons, so as

to form a "phase-space vortex" (Fig. 2). Moving to the right,
this vortex widens in both x and v, and by the end of Phase 1

evolves into an electron ring.

During the present phase, the space potential flips from

low to high, the external current magnitude Ij(t) goes through
a sharply peaked maximum, and, at t=i, the initially coherent

ion population splits into the "old" ions (accelerated to the

left) and the incoming "new" ions (immediately returned to HP).

6 -14-



tribute well beyond the present state of understanding of the
PRI.

2. MODEL. The model considered is the one-dimensional, col-

lisionless, electrostatic single-emitter plasma diode described,

e.g., in Refs. 7-9. Electrons and ions emanate constantly from

the hot plate HP (x=0, po-ential V=0, temperature T) with half

Maxwellian velocity distributions corresponding to the temper-

ature T and the emission densities n and r
Particles hitting an electrode are absorbed. A constant bias Vc

. is applied to the cold plate CP (x=L).

The d.c. equilibria of this diode are conveniently classi-

fied in terms of the (7c,0Q parameter diagram,8 ,9 where Ic =
ed = no/neo. A quantitative and detailed theoretical

study of the four most relevant parameter regions (negative-

*bias electron-rich, negative-bias ion-rich, positive-bias elec-

tron rich, positive-bias ion-rich) was given in Ref. 9, and a

4preliminary comparison with pertinent particle simulations was

presented in Ref. 10. In the meantime, more systematic and de-

tailed simulation data for all four parameter regions have be-

come available in the form of a 16-mm movie, 11 from which the

results shown below have been taken. As an example of strongly

unstable behavior we have picked out a run whose nondimension-

al parameters are located in the positive-bias ion-rich region.

The simulations were all performed with the new bounded-plasma

code PDW1.
12

3. SIMULATION OF UNSTABLE DIODE BEHAVIOR IN THE POSITIVE-

BIAS ION-RICH REGIME. In this section we summarize the results

of a simulation run characterized by the nondimensional param-

eters Ic = 60, OL= 4,A- 50.6 (whereA= L/V4, kT/n o e), and

mi/me = 40. More information concerning this run can be found

in Sec. 4a of Ref. 10.

External-current history. Fig. 1 shows the external-circuit

current J(t) for the initial transient (fill-up phase) and the

first 1.5 cycles of the final dynamic state, which is strictly
periodic with period dt = 14.4. In what follows, we do not con-

sider the initial transient but rather concentrate on the cyc-

lic behavior. Moreover, the present account is essentially de-

scriptive; our results are still in the stage of discussion,
and a more in-depth analysis will hopefully be available in the

-13-
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D. Single Ended Plasma Device, Unstable States*
PARTICLE SIMULATIONS OF THE UNSTABLE STATES OF A

COLLISIONLESS SINGLE-ENDED PLASMA DEVICE

P.L. Gray, S. Kuhn,* T.L. Crystal, and C.K. Birdsall

Electronics Research Laboratory, University of California,

Berkeley, CA 94720

ABSTRACT. One-dimensional particle simulations of the col-

lisionless single-emitter plasma diode with a positively bi-

ased collector plate are reported for "ion-rich" operation.

The simulations qualitatively recover several important fea-

tures of the "potential relaxation instability" observed ex-

perimentally, including "moving double layers" followed by a

current-limiting potential dip. In addition, the simulation

results provide very detailed insight into the electron and ion

phase-space dynamics, which can be correlated with the exter-

nal-current history.

1. INTRODUCTION. It has long been known from both experi-

ments 1-6 and simulations7 that a low-density single-ended plas-

ma device (such as Q-machine or thermionic converter) may ex-

hibit a large-amplitude, low-frequency longitudinal instabili-

ty when the cold plate is biased positively with respect to the

hot plate. For some time, this instability was believed to be

of the "standing ion-acoustic wave" type, 3 ,4 but more recent

experiments with improved potential diagnostics have revealed

a much more complex dynamic behavior, including periodic relax-

ation from a state of high space potential to one of low space

potential, via a "moving double layer" followed by a current-

limiting potential dip.5 Accordingly, the phenomenon in ques-

.. tion is now quite commonly referred to as "potential relaxation

instability (PRI)". 5 ,6

*In the past, both experiments and simulations have primarily

concentrated on establishinq the potential profiles and/or car-

rier density distributions associated with the PRI. To our know-

ledge, however, no detailed investigation into the related e-

*lectron and ion phase-space behavior has been reported to date,

and it is mainly this aspect where we believe our work to con-
*Paper presented at Second Symposium on Plasma Double Layers and Related

*Topics, Innsbruck, Austria, July 5-6, 1984.
**Permanent address: Institute for Theoretical Physics, University of

Innsbruck, Austria.
-12-



, A T is illustrated in Fig. 6, frcm which we
10 see that the potential right in

front of the hot plate is now

0 negative. In the present

example, the oscillation

-- riod is again AT-

Fig. 6 2. 0.3, and the ex-

T -ternal cur-

2.7

rent fluctuates by abou t 70%.
20

5b. Region 2, parameter point

' (nc=60,__0_I)_ Here too we re-

. cover the high-bias stabilization

0 40

0 20 50 already encountered in Fig. 5

and Ref. 3. The resulting d.c.

profile (Fig. 7) exhibits the one-minimum shape expected.

However, the quantitative predictions in Ref. 1 are only val-

id for a diode with a significant quasi-neutral plasma region

and hence are not applicable to the "short" diode considered

here.

*)Work supported by DO -ranc ., R Grant
N00014-77-C-0578, and Austrian Research £unids Grant S-18/03.
All computations were performed at N1..M CC, Live-more.

&)Permanent address: Institute for Theoretical Pisics, Uni-
versity of Innsbruck, A-6020 Innsbruck, Austria.

1S. Kuhn, Plasma Phys. 23, 881 (1981).
2S. lizuka et al., Phys. Rev. Lett. 48, 145 (1982).
3G. Popa et al., Phys. Lett. 67A, 175 (1932).

4Wm.S. Lawson, User's Manual for the PDW1 Code, EECS/ERnL,
U.C. Berkeley, CA 94720 (1984).
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A 'jobserved exnerimental-

Fig.4 ly in Ref. 2. The pe-

riod is A z0.8, and the

25' fluctuation level (de-

fined as peak-to-peak
0 difference over aver-

age value) i-s about

1.6 1001. The evolution

of the potential pro-

file during one cycle

of oscillation (Fig.
A) is qualitatively2.2 0  5

2050 similar to the one

shown in Fig. lb of Ref. 2. In particular, a negative potential

barrier limiting the (electron) current builds up during part

of the cycle. Note that the potential always goes positive

right in front of the hot plate.

4b. Region 1, parameter ooint (=15O, =) . With the cold-plate

bias this high, the larae-amnlitude oscillations are no longer

150 1 psent, and the diode exhibits

an almost time-independent mon-

120- Fig.5 otonically increasing potential

1 . as shown in Fig. 5. This effect

of "high-bias stabilization"
80- has also been observed experi-

- mentally. 3 In the present ex-

ample, therc are no ions for40 - .>'
and the sstem does not

S- a.-v.lop a quasi-neutral plas-a

I region. Still, tho "plasma"

0 20 50 properties predicted i. Ref. 1

are relevant in that they apply to the inflection pcint of the

potential profile. E.g., the inflection-point potential pre-

dicted is =.37, in good agreement with Fig. 5.
p

5a. Region 2, parameter point (7c=10,a=O.1). Again we observe

coherent, large-amplitude oscillations sim.ilar to thcse of

Fig. 4 and Ref. 2. The time evolution of the potential profile

-10- -lO
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PDWI 4
PDW1, assuming a mass ratio mi/m e 40. In each run the diode

started out empty, went through a "fillup" phase, and eventu-

ally settled down at its "final" state. The results presented

below are all related to the respective final states. Poten-

tial profiles are displa-ed in the form n = eV/kT vs. =
x//o<Tinoe 2 , an. time is nor.malized to the ion transit time:

x oeak/ eo eadtm
= t/2kTT/m/L.

2. Region ', parameter noint (nf=-8,:=0.I). The =inal state

is practically time-independent and exhibits the monotonical-

ly decreasing potential profile expected (Fig. 2), the plasma

potential being in remarkable agreement with the theoretically

predicted value1 of , -4.40.

Fig. 2
-2

-4

. F ig. 3

-6-3

0 20 40 Z 60 80 00 0 10 25

3. Region 2', parameter point (nc=-4,ca=4). In its final state,

the diode is again stable, exhibiting a one-maxim'm profile

as predicted (Fig. 3). However, the simulation profile hais a

maximum potential ns = 0.25 and a plasma ooti --

which values differ siznificantI-: from th - _ r-s: eztive theoret-th ththp -0 ..' cu ..... tve disa-
ical ones, rm = 0.43 and n -0.60. This -a--i ti

greement has been found to be due to the existcnce of a tran-

ped electron population in the region of thu pot-nta ma::-

mum, which originates from the more or lcss turbulent fillup

phase and is not accounted fcr in Fef. 1.

4a. Recion 1, parameter point r,=60, 4) . this case, the

final state is characterized by coherent large-a..litude os-

cillations similar to the "potentia -rela>:ation t.bilit:"

-9-



C. Single Ended Plasma Device, General Behavior dc and ac*
ONE-DIMENSIONAL PARTICLE SI'LATION S OF THE

COLLISIONLESS SINGLE-ENDED Q IACHINE*)

S. Kuhn+), C.K. Birdsall, T.L. Crystal, P.L. Gray, Wm.S. Lawson

Plasma Tteory and Simulation Group, EECS/ERL

University of California, Berkeley, CA 94720

Abstract. Particle simulations of longitudinal phenomena in

the collisionless single-ended Q machine recover some bas-

ic equilibrium properties predicted theoretically, as well as

the "potential-relaxation instabilitv" and its "high-bias sta-

bilization" observed experimentally. The results provide a

starting point for more detailed investigations in various

directions.

1. Introduction. The model considered is the one-dimensional,

collisionless, electrostatic single-emitter plasma diode de-

scribed, e.g., in Ref. 1. Electrons and ions emanate constant-

ly from the hot plate (x=O, potential V=0, temperature T) with

half Maxwellian velocity distributions corresponding to the
+ +

temperature T and the emission densities nee and nio, resec-
eotively. Particles hitting an electrode are absorbed. A con-

stant bias Vc is applied to the cold plate (x=L).

In Ref. 1, the d.c. equilibria of this diode were studied

with the assumption that there are no trapped particles in the

potential wells. They were classified in terms of the (nc ')

_____________ . I_ _ 
' I.  , - parameter diagram shown in Fig.

Q+ +
Sw ,, 1, where nc=eV /kT and a=n. /n

0c c 10 eo*,0 In the present paper, we describe
C..

simulation runs for four varam-

S--------- eter points (nc'f) representa-

d tive of the parameter regions

( I -,, 1', 2', 1, and 2. The results

are com.:ared with predictions

wall of Ref. 1 and recent experiment-

al observations 2,3

.: . _ 4 , 12 The simulations were perfcrmed

Fi .1 D.c. potential profiles with the new boundcd-plasma code

*Paper presented at International Conference on Plasma Physics, Lausanne,
6. Switzerland, June 27-July 3, 1984.

1
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77

x "O X J-L.

i e electron

phase-space

I

V'iz

zz "3

Figure 2., the assumed potential profile for single-maximum case, and

electron and ion distribution functions at various positions along the pro-

Mile; for electrons P.. = --Vr&,'.s. = Pais- Wlo,, L'.=,b =d:!: ,

U v.2 = - -:;, .=- 1V7-;v,-,;forions,=m./M., =-,';,
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the distribution functions for the two species at different positions along

the potential profile, as indicated. The high velocity cutoff in f; merely

reflects the fact that electrons with initial energy greater than co p make

it across the system and impinge on the collector plate (i.e. the negative

half of the distribution is due entirely to reflected electrons). For 1 < 0

(Z > Z2), we have for the electron distribution function,

fey'W)= =xp(-(&,2 - n~))-H(&' + v/fq~x ) q.)

where again the high negative velocity cutoff indicates the electron'with

enough energy to reach the cold plate.

For the ion distribution function we have, for z < zi

f ( (,,(x))a ep(-(- + n(x))) H( + V/-7 - n,).

The incoming ions are initially slowed by the potential bump and those with

energy less than eo,.. are reflected. For z > z, we have,
= exp(-(- + ,1(x))) H( - 1/,-- 1)

Those ions which are not reflected by the potential bump are accelerated

towards the waiL

We would like to obtain a set of equations which will allow us to cal-

culate the potential maximum and the plasma potential, given a choice of

a and q,,. The first equation we will obtain from Poisson's equation and

the fact that the electric field in the plasma region is sero. We can write

Poisson's equation in normalized quantities as

• = no(x, q) - n.(x,q)

-23-

I. -:: :;--- : ;; i. : ; ,: i : --i :i: ;. ... ;i i; .. • .: i i ; ,,;i : -i ..i- :: i :. .-.



the quantity 0 in often referred to as the Sagdeev-potential or pseudo-

potential, and is proportional to the square of the electric field. Multiplying

this by aql/x and integrating with respect to x we get

-- 1/2 + C 0

where C is an arbitary constant. We know that

ax ax

so that

Integrating the expressions for nj and n. with respect to potential from

= , to q = q,., we obtain the first relation

007p) - m..) = exP(,,) (i + erf V- ,)

- ex-p(11w.) (I + erf/.,,)

2-_
exp(qp) (vr'7 - cp V7 %)

*+ 2 (exp(fqma)erf VK7Zii - 2- V-Mx%/Ir

+ a exp(-q,) I r-/V .- 17)

- a exp(-q,. 8) I- 0 o.

where erf(z) - f op(-y 2)dy. The fourth term in the expression above
0

is due to the assumed presence of the hole in electron phase space.

-24-
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The second relation comes from the quasi-neutrality condition in the
orplasma ctregionw(ni(i p) n,(ilp)). By integrating the distribution functions

exP(ii,) I+ erv~~ a exp(-vip) (I- erf VI-,-1p) 0.7

These two equations will allow us to determine ,, and rp given initial

choices of a and cold plate bias ncp. For the case of a floating cold plate the

additional equation required is supplied by the condition that the electron

and ion fluxes to the cold plate must be equal at equilibrium.

From our simulation study of equilibria in the single-ended Q-machine

we have found that the 'hole' in electron phase space, for single maximu

potential profiles, is filled to a Maxwell-Boltzmann level. This can be seen

from Figure 3 which shows the potential profile for a typical simulation

for such a case, as well as the time average distribution function for the

electrons windowed across the potential bump as indicated. We have also
plotted the expected Maxwell-Boltzmann distribution on top of the simu-

lation result for comparison. Assuming this to be the case simplifies the

model for the electron distribution function, which becomes

fe.'(,'TX)) =  (-"'- *) • H(,, + -

Having assumed that the electron phase space hole is filled, the first of

the two relations above becomes

-25-
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KgMAX

0

q ~ x 77=P

0.7

- 0.6

-. - 0.5

fe(V) 0.4

0.3

0.2

0.1

-4 -2 0 2 4

Figure 3., the single-maximum potential profile from a simulation with

a - 4.0 and qp. = floating(it. w -1.84), and the time averaged electron

distrbution function calculated at x = x, as indicated on the potential

profile.

-26-
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-= p(qP )I + erf W10

()exp(vm(), ) (I + e , -74)

+" aC(-",) (1 -' "- -r "7p)
2 0+a exp(-q') (1 7 -"2 e4/7Tp

it differs from the realation for the initial model only in the abscence of the

term for the phase space hole.

Figures 4 and 6 show the comparison of simulation results with the

numerical calculation of the predicted values for qp and q,-,- for a cold

plate bias of %, = -4.0, as functions of neutralization parameter a. As

can be seen the calculation with the assumption of the electron phase space

hole being filled to a Maxwell-Boltzmann level agrees very well with the

results from our simulation study.

The fact that the electron phase space hole fills to a Maxwell-Boltzmann

level is as yet unexplained. We believe it is due to trapping of electrons by

fluctuation of the potential profile. In reasonably long simulations with

a = 4.0 and a floating cold plate, we have observed the trappinng vortex to

expand into the system while maintaining the potential extremum predicted

by the above analysis. This might lead one to think that there might exist

an extremely long period relaxation process as has been observed in other

simulations.5. We are currently examining this posibility.

1J
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electron phase-space
10 hole empty

8

electron phase-hole
filled to M-B level

2e 6

2

! I I I

-1.0 -0.5 0 0.5 1.0

Figure L, , vs. a from numerical calculations assuming the electron

phase-space hole to be filled, empty, and results from imulations.
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10
electron phase-space hole
filled to M-B level

S61

electron phase-space holeIi 4 empty

4-

2-

P2 I I I I I

0 0.2 0.4 0.6 0.8 1.0 1.2

'7 MAX

Figure S. 17,. vs. a from numerical calculations assuming the electron

phase-space hole to be filled, empty, and resultes from simulations.
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F. MULTIFLUID DERIVATION OF THE AL FVIN ION-CYCLOTRON
LINEAR DISPERSION RELATION

Niels F. Otani (Prof. C. K. Birdsall)

The linear dispersion relation appropriate to the Alfven ion-cyclotron (AIC) instability
is well-known for propagation of the wave along the background magnetic field Bo in a
uniform plasma (e.g., see Ref. 1). Here we again derive the AIC dispersion relation but
use a "multifluid" model instead of the more usual Vlasov equation as the basis for the
calculation. The advantage of this approach lies in its conceptual simplicity-one observes
the direct connection between features of the wave responsible for producing the various
linear currents and terms in the dispersion relation.

Assume for the moment an unperturbed ion distribution of the form

fiO(v., v,9 ) = f°(v., v±)pO()

with the normalizations

f dvdvj.f(v., vj) = 1

jti ep(9) = .

The distribution function is thus uniform in space and separable with respect to the gy-
rophase angle 0. It is not, however, time-independent, since 0 is not a zero-order constant
of the motion.

By considering the ion phase space fluid in the Vlasov description to be composed
of an uncountably infinite number of cold fluids, each with its own characteristic set of
zero-order quantities v,, v_., and 0 at time t, we may write the perturbed ion current in,
say, the k-direction as

(Ji),j(zt = e f dv~dvf°(v.,vJ.) f dcp(9)(novui(vzzt) +n1 (xv8 vjZ~t)vv) (1)

In this expression no is the unperturbed ion density, v. = vj. cos0, and v.1(vz, t) and
dv~dvjfon(v.,,v±,9, z,t) are respectively the perturbation 1-velocity and perturbation
density of the cold fluid element with zero-order quantities v., vj, 0, and z at time t. A
mathematically rigorous derivation of this infinite fluid model exists and will be presented
in a future report.

The perturbation density may be expressed as:
a

n I(v, v±, 0, z, t) = -no z , (V., v±, , z, t)

Thus

(Ji)y, = noe f dv.dvf°(v., vi.) dOp (0) (V~V.z) (V., Z'0I(vz, 10,3z,-t)). (2)
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Now consider the motion of ions in a single, purely transverse, circularly polarized,
sinusoidal wave of wavenumber k and frequency w propagating in the direction of a uniform
magnetic field Bo. The fields are described by

B(z, t) = Boi + B,(-* sin(kz - wt) + y cos(kz - wt))

E(z, t) = B 1 (A cos(kz - A) + J* sin(kz - wt)).
Ece -)w

The ion equations of motion in rectangular coordinates are

dv =e E(,t v x B(z. t) + (3)
-- = - Cz,

where m is the ion mass.

Linearized ion orbits may be derived from Eq. (3) given the zero-order orbits

v.o(t) = vjo sin(flt + 9o)

vVo(t) = t,±o cos(Ilt + 0o)
zo(t) = Zo + v~ot

where f0 w eBo/mc. We obtain for small wave perturbations, (real part implied):

i eB w - kvo
vL(t) = ec w - kv-o - pt) -(5)

eE1  w - konVt,( = t ) - vc 0- 0 o - v t exp(ikzo(t) - iwt) (5)

vZI(t) =-i( - kv - f_) (vzo(t) - iv1 o(t)) exp(ikzo(t) - iwt) (6)

eB1 /mc
z(t) -- (w - kvo - 1l) 2 (vzo(t) - ivo(t))exp(ikzo(t) - iwt). (7)

Subtituting these linearized fluid quantities into Eq. (2), we obtain (real part implied):

PO noe2B f dvdvjf(v., vj.) f d~p°(9)
kmc f f

x _ C O(cos a + i sin ) eskziwt (8)w v l (w - kv, - JI)2

Here we note that a time-dependent unperturbed distribution function will still yield a
perturbed current varying as eiks - ca provided f dOp°(9) cos 2 9 and f dOp°(9) sin 9 cos 0 are
time-independent. This is true in particular for the "four-spokes" distribution functions
used in many of our simulations. We now restrict our derivation to distributions with

dOp 0 (9) cos2 0 =
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and J dOpo() sinecosO 0

which is true of both four-spokes distributions and gyrophase-independent distributions.
Thus,

41(j). B, n12 / (2 2

4ir(J,),i _ v.,2 vdd j - kv, + 2 '\Tge kz-iwt (9)
c - TA f (wJ -kv2 - 0 (w - k. ~f)2])-

The electrons may be assumed to be a cold fluid, drifting in response to the perturbation
transverse electric field with the E x B velocity:

4r(J.). 41reno c(E. x Bo),
c c

Finally,
(V x BB2) =

Ampere's Law then yields the AIC dispersion relation:
k2 v 2 Aw ddoI I w kvz

0 = fl2  - I VzVf°(v'v±w--k -fl + (wca: vz fZ)2 (10)

The first term is the free-space term ad the second term is the electron E x B con-
tribution. From the infinite fluid derivation, we know the third term comes from the .
perturbation transverse ion motion, while the fourth term arises from the transverse ion ;
current generated by the inhomogeneous first-order displacements of ions along Bo. The i~

current appears because the different fluids, with different zero-order transverse velocities,
experience different differential displacements, ad therefore contribute with different den-
sities to the transverse current density at a given location z. It is this last term which is
responsible for the AIC instability. r.

References
1 R. C. Davidson ad J. M. Ogden, " Electromagnetic Ion Cyclotron Instability Driven

by Ion Energy Anisotropy in High-Beta Plasmas." Physics of Fluids 18, 1045
(1975). ."
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G. POTENTIAL BARRIER BETWEEN HOT AND COOL PLASMAS

Seigi Ishiguro, Inst. of Plasma Physics,
Nagoya, Japan (Prof. C. K. Birdsall)

A potential depression is observed between two plasmas with different

electron temperature in Q-machine experiment [1]. In order to study this

problem, using the POW1 code, we have performed one dimensional particle

simulations with nonperiodic boundary conditions.

The conditions employed inthe simulation are the following: Particles

are injected with half Maxwellian distribution from each sidewall and

particles which collide with the walls are absorbed. Ion to electron mass

ratios are mi/me = 4, 25; ion to electron temperature ratio is Ti/Te = 1,

and hot to cool electron temperature ratio is Teh/Tec = 4. Hot and cool

electron thermal velocities are Vteh = 1, vte c = 0.5. The injected current

density from the hot side for electrons is Jeh = 4, the system length is

L = 6, the timestep increment DT = 0.02, and number of time step in a run is

NT = 6400.

When the system is initially empty, the plasma is turbulent in the

early stage, and appears to seek equilibrium. No interface is observed

between the hot and cool side. See Figure 1 shows the ion phase space.

When the system is initially full, formation of ion holes is observed

as shown in Figure 2, also ion phase space. These ion holes move from the

cool side to hot side with Vhole = 0.12. This velocity is smaller than

Csh (=V ie = 0.2) and greater than Csc (=V m = 0.1). [Note thesh teh M is tec

similarity between these holes (please space vortices) and the real space

(x,y) vortices bet.4een two fluids as forned in the Kelvin Helmholtz
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instability, at saturation]. The potential of the plasma and right side

wall (floating) oscillates with plasma frequency; with amplitude

e /KThot 0.2, modulated at a low frequency (like w /20), as seen in Figures
hot p

3 and 4. A spatial interface is not observed as was seen in the laboratory

experiments.

Some next step may include:

(a) Using p(x) time averaged (over at least T oscillation) in order~plIasma

to see whether the transient ion holes occur at potential dips;

(b) Loading x,v space close to the f0 (x,v) expected from equilibrium, com-

plete with ion hole and reflected electrons at t = 0.

(c) Imposing the expected (x) for some time 0 < T < TS (no Poisson solver)

where T is several ion thermal particle transit times, in order to form
S

the ion hole. As t > T the imposed t(x) may be slowly turned off and

the Poisson solver turned on (suggested by N. Otani).
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ONE-DIMENSIONAL PARTICLE SIMULATIONS OF THE

COLLISIONLESS SINGLE-ENDED Q -.ACHINE1)

S.Xuhnz), C.K. Birdsall, T.L. Crystal, P.L. Gray, Wm.S. Lawson

Plasma Theory and Simulation Group

izlectronics R-seArch La.o0azoc7

Universicy of California, 3erkeiey, CA 94720

Longitudinal phenomena in a collisionless single-ended Q ma-

chine are simulated with the new bounded-plasma code PDW1 /I/.

Simulations covering the four main parameter domains dis-

cussed in Ref. /2/ are presented. In the negative-bias do-

mains, the monotonically decreasing and one-maximum potential

distributions predicted by collisionless d.c. theory /2/ are

recovered, with some quantitative disagreement arising from

the filling of phase-space holes via numerical diffusion.

The positive-bias domains usually exhibit the "potential re-

laxation instability", along with the moving double layers

observed experimentally /3/.. If, however, the cold-plate bias

is raised above some critical value, the potential relaxation

instability disappears, giving way to the one-minimum or mon-

otonically increasing d.c. potential distributions predicted

thecretically /2/. In these cases, t've electron sheath in

front of the cold plate occupies a significant portion of the

interelectrode gap, which is in qualitative agreement with

the experimental findings reported in Ref. /4/.

t) Work supported by DOE contract DE-ATO3-76ET53604, ONR con-

tract N00014-77-C-0578, and Austrian Research Funds con-

tract S-18/O3. Computations performed at NMFECC, Livermore.

2) Permanent address: Institute for Theoretical Physics, Uni-

versity of Innsbruck, A-6020 Innsbruck, Austria.

/l/ Wm.S. Lawson, User's Manual for the PDW1 Code, Plasma The-

ory and Simulation Group, E.R.L., U.C. Berkeley, CA 94720

(1983).

/2/ S. Kuhn, Plasma Phys. 23, 831 (1981).

/3/ S. lizuka et al., Phys. Rev. Lett. 48, 145 (1932).

/4/ G. Popa et al., Phys. Lett. 87A, 175 (1982).
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PARTICLE SIMULATIONS OF THE LOW-ALPHA PIERCE DIODE

T.L. Crystal and S. Kuhn + )

Plasma Theory and Simulation Group

Electronics Research Laboratory

University of California, Berkelev, CA 94720

The evolution of small initial perturbations in the "classi-

cal" Pierce,diode /l/ is simulated using the new bounded-

plasma code POWI /2/. The simulations cover the parameter

range 0 < a < 3r, where a = w pL/v . In the linear regime, po-

tential profiles of the dominant eigenmode as well as oscil-

lation frequencies of the next-to-dominant eigenmode are re-

covered and shown to be in excellent quantitative agreement

with recent theoretical results /3/. In the linearly unstable

cases, the nonlinear final state may be either a new, non-uni-

form d.c. state, or a state of large-amplitude oscillations.

In particular, for a = 1.51 the final state is found to depend

sensitively on the details of the initial conditions.

This work was supported by DOE contract DE-ATO3-76ET53064,

ONR contract N0014-77-C-0578, and Austrian Research Funds

contract S-18/03. Computations performed at NNFECC, Liver-

more.

+) Permanent address: Institute for Theoretical Physics, Uni-

versity of Innsbruck, A-6020 Innsbruck, Austria.

/l/ J.R. Pierce, J. Appl. Phys. 15, 721 (1944).

/2/ Wm.S. Lawson, User's Manual for the PDWi code, Plasma The-

ory and Simulation Group, E.R.L., U.C. Berkeley, CA 94720

(1983).

/3/ S. Kuhn, Memorandum UC3/ERL M83/61, E.R.L., U.C. Berkeley,

CA 94720 (1983); to appear in Phys. Fluids.
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The Classical Pierce Diode: Using particle simnu]ations on
linear & nonlinear behavior and [tnal states
T.L. CrysLal, S. Kuhn*, and C.K. Birdsaii.
EECSIERL C'orj Hall, Univ of Calif Berkeley CA 94720

The classical Pierce diode is; a ti:nple 3-d system of two
shorted metal plates, a cold beeni of electrons irijected
from one side and a neutralizing bdlcefround of rigid ions. l
While the plasma medium is techrik-ally stable, the finit(:-
ness of the Pierce system allows sLi-itL cnd ur.stablc opcra-
tion. It is usefully studied as an archetypic:.i boi;ndt:d-
plasma system, related c.g.. to Q-inachines, particle
accelerators, therrnionic converters, and new high porwer
microwave sources; it can aIr.) serve to gaer,crate ex..nples
of nonlinear, bifurcating (and osc.l!ating) equilibria, virtual
cnthodes and double-layers.

New particle sinriulations of the Piurcv diode have: succs,--
fully" recovered many novel linar o phuiomena including the.
dominant linear cigenrnodes (seren ir, the interna! electros-
tatic fields), and the dominant an.! vl idomvinant eigcrn fre-
quencies. (seen both in the intcrn'iiJ l retrostntic. a7, -. ir
the external circuit current, Jvf( Thesc Tlie s
results conform very well tn dctil,.1 pru..ii: of a !.ew
linear analysis'.

The final (nonlinear) state rcco\.:;-cd et:, -ihc,;' eritic.,l
dependence on initial (lineair purturb::'ion) corid.tw::s, }d
can be nide steady-sLate (d.c.) or p ;ra,]c-os.iWar> hy
simply changing the initial coni'i:i. by a fu... of" 101*-4
or less. A third class of final state is al, possib!c i i.icL .:1Z
oscillations which seen to be ncnpcri dic. Such o..lij-
Lions occur in both the interri fiilt ! and th, uxtr::ral
curre.nit, J., (t ); of course, Lhuy %=i: .,-u "uw.fui or nes-
tructive" dcpcndinrg on the cl,'ctrolic s ,i ujivi
modeled as a Pierce diode. The efrects that Lxterrial 'irr.uit
parameters have on the linear r.':,vurd (sruiH ii)
behavior of the device are also founi to u'. ns preictc&1.

1 S. Kuhn, Submitted to Phys. J'zi:is 19.bl.

Work supported by DOE Cotract Dl'-Ai'O3-6ET53Db n,:d -"-
ONR Contract N00014-77-C-057"; corupuLAiuns done at,
NMFECC. Livermore.

" On leave from the Univ of ]nnsbruek. Austria.
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Axial Equilibria odf :Colisioaless Single-ended Q-rmachincs:
particle simulations-versus theory and experiment.
S. Kuhn*. P. Gray.T.L. Crystal. and C.K iis,;Il
EECS/ERL Coriy Hll, Uhttv of Calif 17.,rkelEvy C'A 9,17470
Only recently has Q-rnachine equilibri-,an theory b,- m: SyS-
temnatically pushed tio quantiftable prt-ictions'. \---w coWI;-
sionless particl1e simulations have beun run iw!Ui 'L!' UodtL:
PDWI in four main operating regirius (e&Wctron,'iun ri-Y
emission, and posiLive/'negative ?-)IpL~d b;iscs). Fr >~
wtrere the applied bias is negative, Irzc- ,,r~litn:~I fU.2.
recover stable ial states as expected, hdving equillbriunt
potential proile tshapes that agree with thco)ry. 91-& for
cases with io n- rich ternss ion, the -:iriulaU~d poLuential vazlues
can diffvr from analytic -predictions becausc e.yjuiL7briLm

(1t= 0) theory adoes not describe a systern that hi-
eviolved; collisionless equilibrium theory L'nds phase spar',-
regions that are inaccessible to cmnitted particles, yet sirn.--
lation shows that these regions a±re in fa-,t J7U1'-I ir

Ma~zetlBoizmatml duing Lhu syziL.r.ns evuluhioii (3/1P
not .O) in reachinrg its evcntual steaidy statu. For pcsitivc
applied bias, the stinulatioris gcncrally carinot r
anal 'y-ticaiiy expected eqUil, rium shapes, and s d
cate instability, whether the emission is clectrori ri h or-:
rich; these have charaicter six.-diar Lo tlic 1o,.rr.%% ~ '
-sheath oscillations (surnftinies ca 'lci 2 f-L',-u ntbIi
and may also relate to the procuss ur "charge di;i fLr--
rnation" in Gunn oscillator theory.

Extended simulations also have sua- steu' e-,ph~aLonS for
the :experirrentally observed (ari ovur-y iniyz'Lriow; , h~i

postziie-bias sta-izzation;, raising thL apph' ,sJ L i;L
enough turnis the simulated potential pro!11cs in'.o sin~p:
Child-Langrnuir diude proriles. Other rve t~nt cxperimcTitnL
have reported seeing a so-called rnrzu4-z3 dcbLe-luye~-
(which might better be re-namned); wc L-L-ieu that. Uic -
may be related to the -faiscly urwstabicU shcL'±Lh o:ii~rrs
already allUded to here.

1 S. Kuhn. Flasma Phys., '23, BUI(99)
2 N. -Ryn n, Phys frluids, 9. 1635 ( 19 6 ).

3M.P. Shaw, 1I.L. Grubin, and P.R. Sio;, nn, h An-

/lisum Effuc!. Academnic Press (19791, p.1 .

Work :supported by DOE Contract il j(
ONR Contract NOC;014-i7-C-0573; c-jn'ipul utiori., duric ,t
NMF'ECC. LLNL Livermore.

*On leave from Univ of lnnsbrucK, Austrta.
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AN ANALYSIS OF SINGLE-WAVE PARTICLE ORBITS BASED ON CONSTANTS OF
MOTION WITH APPLICATION TO SIMULATIONS OF THE ALFVEN ION-CYCLOTRON
INSTABILITY

Niels F. Otani

Plaisma Theory and Simulation Group, Electronics Research Laboratory,

University of Calfornia, Berkeley, CA 94720

Three exact constants of the motion have been found for particles movins, in a single, circularly-
polarized wave propagating along a uniform background magnetic field. The constant corresponding
to the helical symmetry of the system fields, C, is of particular interest because it permanently
restricts each particle to a relatively small region of uj.-u. space which generally moves to higher
v, with increasing wave amplitude. Confinement of particles to one of these regions was verified
in single-wave computer simulations of the Alfvin-ion-cyclotron instability. Existence of the three
constants of motion reduces the problem to motion of the particle on a two-dimensional surface in v.±-
v,-tp space. When the wave amplitude is slowly varying, the motion on this surface is characterized
by the existence and slow time-scale motion of fixed points. At least one stable kxed point always
exists and its deeply trapped particles exhibit an adiabatic inva.-iant, nainely, the action J. It is
hypothesized that particle trapping, fixed point motion, and the existence of J may be responsible
for the appearence of an edge in the v.-distribution function shortly after wave saturation. The edge
in the distribution function is also observed in some multiwave simulations, suggesc:ng that some of
the single-wave features of the particle motion may still be present even though the principal basis
for the analysis, the conservation of C, is no longer valid.

Snapshot from a single-wave vs/.. ." N-

simulation of the Alfven ion-
cyclotron instability showing
the edge in the parallel velocity .. -. --..... ..
distribution and particle trapping -...
in ', the gyrophase relative to

the wave magnetic field. - . .
0

Work supported by the U. S. Department of Energy.
Computations facilities provided by W.fECC.
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Beam-Driven Drift Instability in a Thermal Barrier Cell

V. A. 7homas

Electronics Research Laboratory, Universil y of California,

Berkeley, CA 94720

W. M Nevins

Lawrence Livermore National Labo-atory,

Livermore. CA 91550

A BSTM.I CT

A low frequency instability ( << D, ) is sornetimes seen in

the TMX-U dcvice at LLN1, whcn the ncutral beam: orc turn,_-. On

in the thermal barrier cells. On'e possiblc exFlanantin isthiat a

drift wave couples with beam modus from 'W:c injectud ions in an

unstable fashion. Our previous work for this ,.stabiliy ( Pufl Am.

Phys. 28 Num. B, 7Q5 (198Y) has bc,,,n I . .

approximation for both linear theory ar,' p,, r ' : " t i n.z. 1%

have now extended both the linear t henry ,ind i ' ' ,rriL

tions to include a more coniplee '. V - .

approximation i- rot niie. A corip.7 n-)r -

obtained from the local appruximation and Lie res;ILs obtained

from using a nonlocal model. Even wlhn th'. nornloc,, and local

growth rates are very closu thU ir.,ubthi:) rn,.i' saturatu in

different fashions. Work supported in part o-, DOE ardu ,n part by

ONR.
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(5) V. A. Thomas and W. M. Nevins, "Simulation of the Ion-Beam Driven Drift
Instability in a Magnetic Trap II," University of California, Berkeley,
Memoranudm No. UCB/ERL M84/46, June 13, 1984.

(6) K-Y. Kim, "Vlasov-Poisson and Modified k-dy Theory and Simulation of
Weak and Strong Double Layers," University of California, Berkeley,
Memorandum No. UCB/ERL M84/47, June 1984.
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Talks (abstracts on following pages)

"1) Sherwood Fusion Theory Conference, Lake Tahoe, April 11-13, 1984

* V. A. Thomas and W. M. Nevins, "Beam-Driven Drift Instability
in a Thermal Barrier Cell."

N. A. Otani, "An Analysis of Simple-Wave Particle Orbits Based
on Constants of Motion with Application to Simulations of
the Alfven-Lon-Cyclotron Instaoility."

(2) IEEE Conference on Plasma Science, St. Louis, May 14-16, 1984

S. Kuhn, P. Gray, T. L. Crystal and C. K. Birdsall, "Axial Equilibria
of Collisionless Single-Ended Q Macnines: Particle Simulations
versus Theory and Experiment."

T. L. Crystal, S. Kuhn and C. K. Birdsall, 'The Classical Pierce
Diode: Using Particle Simulations on Linear and Nonlinear
Behavior and Final State."
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T. L. Crystal and S. Kuhn, "Particle Simulations of the Low-Alpha
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S. Kuhn, C. K. Birdsall, T. L. Crystal, P. L. Gray, and W. S. Lawson

"One-Dimensional Particle Simulations of the Collisionless Single-
Ended Q Machine."
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(1) V. A. Thomas and W. M; Nevins, "Electrostatic Ion-Ion Two-Streaming Insta-

bility in a Thermal-Barrier Cell," University of California, Berkeley,
Memorandum No. UCB/ERL M84/22, February 22, 1984.

(2) W. S. Lawson, "A Method for Simulation of Vlasov Systems with Discon-

tinuous Distribution Functions and GASBAG User's Manual," University of
California, Berkeley, Memorandum No. UCB/ERL M84/24, March 16, 1984.

(3) W. S. Lawson, "PDWI User's Manual," University of California, Berkeley,
* Memorandum No. UCB/ERL M84/37, April 27, 1984.

(4) V. A. Thomas, W. M. Nevins, and Y-J. Chen, "Simulation of the Ion-Beam
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Berkeley, Memorandum No. UCB/ERL M84/45, June 13, 1984.
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ERRATA

Errata for Plasma Physics via Computer Simulation by Birdsall and Langdon:

Chap. 2. p. 10. In problem 2-2b, replace Purris. 1979 by Potis. 1978.
Chap 2. p. 14. In (8), both expressions (t-t)/2 should read ,-.%t2.
Chap. 27. 15. Below (12) the reference should be (Boris, 1970b).
Chap. 2. p. 17. In the third line, replace 'Chapter 4. Section 4-14' with *Appendix D.
Chap. 2, p. 19. Problem 2-5c should read " and NG/2-1 independent values of lImG(k)

(sine coeflicients)"
Chap. 3. p. 35. In (3) change E to E,,,.
Chap. 3. p. 50. At the beginning of Section 3-14, delete 'every time step.'
Chap. 4, p. 59. Above (7), change citation to (Boris, 1970b).
Chap. 4. p. 65. At the beginning of Section 4-6, *Figure 2-6a, b. c" should be "Figure 2-6a, b."

Figure 2-6b, d" should be 'Figures 2-6a(b), 2-6b(b)."
Chap. 4. p. 63. In 4-7(2), the factor Z' should be Z'ci(V'2kv,)).
Chap. 4. p. 74. Replace Ek everywhere by 1412. Below (2), read "As p(x), b(x) .. " Below

(3), the phrase -If we' should begin a new sentence. In the seventh line from the bottom.
replace 'the qb calculation' by 'the 14, calculation.'

Chap. 5, p. 37. The last line should continue '...and skip the ion motion, or make i,>>rn, (or
".,,<<,VW); then correctly ... *

Chap. 5. p. 92. below (5) remove the cos kx in the expressions for x and v,
Chap. 5, p. 93. In Problem 5-5b, the first reference should be Taylor and (4cNamnara (1971).
Chap. 5, p. 94 Change citation to Haetr(1949).
Chap. 5, p. 109. Figure 5-')c(d), O.W) axis numbering should be 0.3. 1.2, 0. 1, 0, -0.1, -0.2.
Chap. . p. 115. Below (5), change citation to (Lee and Birdsall 197 9a. 0)
Chap. 6, p. 136. In the first paragraph, change citation to Godfrey and Lantpon (19"6).
Chap. 6. p. 133. In the first paragraph, change citation to Bnri (1970h).
Chap. 7. p. 150. In (2). change .vi to x.
Parr Two. p. Ii4 In the last paragraph, replace "is esscntially' with 'i;, ,Ir,:wn ,nt prt from
Chap. 8. p. 162. In (7), the summand sihould be P((k.
Section ,8-5. p. 162. 3 lines above (2). replace the "or" :n "... form or motr-,ming ... ' wit ').'
Chap. 8. p. 173. Below (13), change 3-7(8) to 8-7(4).
Chap. , p. 131. In Problem S-13h, remove the squares from tle 's. In Problem -13c.

change ,his instability' to "the instability of this Section"
Chap. 9 p. 200. In the second paragraph, dhange the citaton to Bunettrun. 1967.
Sectin /0-1. p 213. Add: *This chapter draws heavily on Lanifdoii k1973).'
Chap. 12. p. 265. In Problem 12-3d, j' -- should be J, " 1
Chap. 13. p. 301. The citation rerreault. 1983 should he &'ran t ,1/.. 1983
Chap. 14. p. 343. Equation (5) was derived using (6) which does not always hold. The p(ocntial

Jut to external charge must he handled separately; see section 10-4 and Decok (1982).
Chap. 15. p..35,. In the last line, replace "second next section" with 'Section 15-8".
Chap. '5. ;. 360. In the paragraph beginning "Methods for . replace 'discussed in the next

Section* with 'discu.ssed in Section 15-S."
Chap !5. p. 366. In 13b). sin ck"%;, 2 in the E" term should be sinckt In paraitraph preced-

ing problem, replace allk,) with tr(k)
Chap. 1'. p. 31. Above (10), change the citation to Laidrnan t1975).
S,.%iu,r 15-16. p. 3,31. The citation in the 3rd paragraph should be Brackhill ,id Firtihin. (1995)
Chap i.

. 
f,'. 3S3. A hove (a., he citatioit Kaiantint (1980) slhould he Kaltciiriti1a i 9R i.

Chap 16. p. 407 All four of the ,r terms ,hould be ,,rj instead of ',r,
Chap. 16. p. 411. The parenthetical coniment at the end of the second paragr:aph should appear

itter *vanishes' in the previous sentence
Appendi.\ 4. p. 422. In two places, change cita tion :o Caoey. Lew,s and IVewli 9" T0).
Relerenc' . In the first printing, add the following references:

Denavit. I . "Pittalls in Ptrlice Simulations and in Numerical Sutuions of the V~jsov E uaun.
.th,/udct and ','ruea/ le .Ilaih,,rutr(hen Phvr. 20, Peter Lang, 247.2,i 1980.

Skillermo. A. .\ getter D)tcrc:':e Scheme ir he Laplace Equw:ion in C.dri al Ctord;.
'ts." I Co,,ptr. !1,. . 47. 1611o163. 1992

U Skdllerniu, A.. and G Sk(t~lcrmo. '..\ Fiurter .\nalysis of' Some l'enc Scmcs ',.f '
Lapiace Lquation ;n a S )tr of Rotation Symmetry.' I G,,mt,. Phdv. 2X. '03-114 CS
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SECTION III: BOOK, JOURNAL ARTICLES, REPORTS, VISITORS, TALKS

Book Plasma Physics via Computer Simulation
by Charles K. Birdsall and A. Bruce Langdon

"% was completed in this period. Considerable thanks are due
to DOE for encouragement and support, starting with the original
notes (begun about 1972), through to final book preparation.
Following are: book Contents, Errata and ordering information.
(Be persistent with McGraw-Hill; the book is not out of print!
Let Professor Birdsall know of any such replies.)

PLASMA PHYSICS VIA COMPUTER SIMULATION
by C.K. Birdsall and A.B. Langdon ISBN 0-07-005371-5
can be ordered from

McGraw-Hill Book Co. East: Princeton-Highstown Rd.
* Customer Service Highstown, N.J. 08520

(609) 426-5254

Middle: Manchester Rd
Manchester, Missouri 63011
(314) 227-1600

West: 8171 Redwood Highway
Novato, California 94947

-- (415) 897-5251

"I
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SECTION II: CODE DEVELOPMENT

A. PDWI: Particle Simulation of Non-periodic Systems
Win. S. Lawson

The development and documentation of the PDWI code (for Plasma Device
Workshop) has now been completed. The code is debugged, and fully docu-
mented. It is available to users of the National Magnetic Fusion Energy Com-
puter System on line, and the user's manual is avaliable from the Plasma
Theory and Simulation group as memo UCB/ERL M84/37. Documentation
includes descriptions of important variables, subroutines and flow charts, as
well as examples of input files and the resulting output.

PDWl is a general purpose particle simulation code which is capable of
*handling non-periodic boundary conditions and a simple RLC external circuit.

A large variety of input parameters exist, allowing one to specify the usual
. parameters of periodic simulations, plus: thermal, drift, and cut-off velocities

for the injected distributions; DC and AC external biases in the circuit; and
injected currents. The code works in one spatial dimension, and either one,
two, or three velocity dimensions. A magnetic field is allowed in the two and
three velocity dimension cases, and it is allowed to be at any angle in the x-z
plane in the three velocity dimension case.

PDWI and modifications of PDW1 are already in much use at our Plasma
Theory and Simulation group. It has been used, and is being used, to simulate
many interesting problems, such as the Pierce Diode, double layers, Q-
machines, plasma-wall interactions, and oblique electron BernsLein waves.
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